ABSTRACT: Single-layer direct band gap semiconductors such as transition metal dichalcogenides are quite attractive for a wide range of electronics, photonics, and optoelectronics applications. Their monolayer thickness provides significant advantages in many applications such as field-effect transistors for high-performance electronics, sensor/ detector applications, and flexible electronics. However, for optoelectronics and photonics applications, inherent monolayer thickness poses a significant challenge for the interaction of light with the material, which therefore results in poor light emission and absorption behavior. Here, we demonstrate enhanced light emission from large-area monolayer MoS 2 using plasmonic silver nanodisc arrays, where enhanced photoluminescence up to 12-times has been measured. Observed phenomena stem from the fact that plasmonic resonance couples to both excitation and emission fields and thus boosts the light−matter interaction at the nanoscale. Reported results allow us to engineer light−matter interactions in two-dimensional materials and could enable highly efficient photodetectors, sensors, and photovoltaic devices, where photon absorption and emission efficiency highly dictate the device performance. KEYWORDS: LSPR, 2D materials, MoS 2 , photoluminescence, CVD synthesis O ptical processes such as absorption and emission, particularly in low-dimensional materials such as thinfilm semiconductors, 1 graphene, 2−6 carbon nanotubes, 7 nanowires, 8 and organic photovoltaics, 9 can greatly benefit from resonant E-field enhancement using resonant cavities, 10 plasmonics, and photonic crystals. 4 nanoparticles. The former was demonstrated on mechanically exfoliated, and the latter was on somewhat small area CVD grown MoS 2 flakes. Moreover, recent developments on growing large area single layer MoS 2 films 26−28 may facilitate them to be used in high-efficiency and low-power light absorbers and emitters. Here, we report on enhanced PL in large area (cmsized) CVD MoS 2 by coupling these monolayers with designed plasmonic nanoparticle arrays. Large area MoS 2 monolayers allowed us to explore the correlation between the PL emission and the plasmonic resonance of the particles, which was not feasible with smaller area flakes exfoliated directly from MoS 2 crystals. Results show that monolayer PL emission of MoS 2 films is susceptible to E-field intensity variations by LSPR. In addition, we have evidence that not only the excitation field enhancement, but also the emission field scattering enhancement contribute to the overall PL enhancement.
O ptical processes such as absorption and emission, particularly in low-dimensional materials such as thinfilm semiconductors, 1 graphene, 2−6 carbon nanotubes, 7 nanowires, 8 and organic photovoltaics, 9 can greatly benefit from resonant E-field enhancement using resonant cavities, 10 plasmonics, and photonic crystals. 4 Specifically, plasmonic nanostructures are quite promising for boosting light absorption/emission as they enable very high electric field confinement and are easy to integrate with recently emerging 2D sTMDs. Being a direct band gap semiconductor, monolayer MoS 2 is particularly attractive for a wide range of applications such as field effect transistors, 11−13 sensor/detector applications, 11,14−17 and flexible electronics. 18 Plasmonic materials have been previously shown to facilitate strong light−matter interactions in wide variety of applications and enable enhanced luminescence 19−21 and surface enhanced Raman scattering. 22, 23 However, enhanced luminescence demonstrations to date were largely concentrated on single molecules, quantum dots, nanowires, and thin-film semiconductors. Previously, surface plasmon enhanced photocurrent and photoluminescence in MoS 2 was demonstrated by using gold 24 and core−shell 25 nanoparticles. The former was demonstrated on mechanically exfoliated, and the latter was on somewhat small area CVD grown MoS 2 flakes. Moreover, recent developments on growing large area single layer MoS 2 films 26−28 may facilitate them to be used in high-efficiency and low-power light absorbers and emitters. Here, we report on enhanced PL in large area (cmsized) CVD MoS 2 by coupling these monolayers with designed plasmonic nanoparticle arrays. Large area MoS 2 monolayers allowed us to explore the correlation between the PL emission and the plasmonic resonance of the particles, which was not feasible with smaller area flakes exfoliated directly from MoS 2 crystals. Results show that monolayer PL emission of MoS 2 films is susceptible to E-field intensity variations by LSPR. In addition, we have evidence that not only the excitation field enhancement, but also the emission field scattering enhancement contribute to the overall PL enhancement.
Monolayer CVD MoS 2 samples ( Figure 1a ) were grown onto 90 nm thermal SiO 2 on bare silicon substrates by high-pressure vapor transport technique (see methods in the Supporting Information). This technique typically yields highly crystalline, continuous, and uniform MoS 2 films as shown in Figure 1 , panel a. We confirm that deposited films are indeed monolayers by using three complementary techniques: (1) c-AFM line-scan measurements show that the film thickness measures 0.7 ± 0.1 nm (Figure 1b) , which corresponds to reported thickness values for monolayer sTMDs; (2) in-plane (E′) and out-ofplane (A 1 ) Raman modes are separated by ∼18 cm −1 ( Figure  1c , top panel), which is consistent with the results in literature 16, 29, 30 owing to indirect to direct gap transition in the quantum confinement limit; and (3) monolayers become highly luminescent with PL peak at ∼670 nm (Figure 1c , bottom panel).
After growth, nanodisc arrays with varying diameter (d) sizes were fabricated onto large area monolayer MoS 2 film by conventional e-beam lithography process followed by silver metallization (Figure 2a) . Here, varying the diameter of the nanodisc (d) allows us to tune the plasmonic resonance of the nanodisc arrays. For simplicity, we refer this heterostructure as plasmonic/MoS 2 heterostructure in the remaining part of this Letter. In Figure 2 , panel b, we show a series of SEM images taken on plasmonic/MoS 2 heterostructures for different d values. As the d value increases from 106 to 227 nm (left to right in Figure 2b ), the plasmonic/MoS 2 region becomes brighter under SEM associated with the increased overall Ag coverage on semi-insulating MoS 2 monolayers.
Immediately after the fabrication of nanodisc arrays, we have acquired the spectral PL map of plasmonic array/MoS 2 regions, as shown in Figure 2 , panel c. Here, blue and red colors stand for minimum and maximum integrated PL intensity as calculated by integrating measured PL emission from 650− 750 nm. Observed spatial variations within each array can be attributed to problems associated with the processing steps such as missing Ag nanodiscs or optical nonuniformity within the MoS 2 monolayer films itself. The enhancement is particularly apparent in the spectral PL emission curves plotted in Figure 2 , panel d where each curve is selected at a characteristic maximum point within the plasmonic array. Interestingly, light emission is always greater than pristine monolayers independent from the d values, and the PL peak position remains same, which in return, implies that the dominant excitonic process (i.e., recombination of neutral, charged, or free excitons), to the first order of approximation, can be assumed to be the same for different plasmonic hole array structure parameters.
On the basis of these results, maximum PL emission, which is about 12 times brighter, is achieved only when d is 130 nm, and increasing/decreasing the diameter reduces the emission intensity. The enhancement in PL is calculated by comparing the area under each spectrum in Figure 2 , panel d from 650− 750 nm. Such diameter-dependent light emission intensity suggests that localized surface plasmon resonance of Ag nanodiscs might be playing critical role in monolayer's optical properties as LSPR highly sensitive to the size of the plasmonic feature. We note that strong emission at 680 nm is evident regardless of the measured position on the array, which corresponds to A1 direct excitonic transition in MoS 2 . To clarify whether the enhancement is due to the excitation field localization around the nanodisc or efficient emission extraction due to scattering at PL emission wavelength, we plotted the PL emission intensity map at different wavelengths (Figure 3a) . Interestingly, even though PL intensity is the greatest for d = 130 nm at the PL peak position (680 nm), other arrays with different d values display larger PL intensity at higher wavelengths. For example, at 750 nm, 179 nm diameter array (4th one from left) is brighter compared to other arrays. There is a direct correlation between increasing the d value and wavelength at which the PL intensity enhancement is largest. In addition, the intensity contrast at each wavelength, that is, the difference between the maximum and minimum values of the colorbars next to each PL map in Figure 3 , panel a, decreases as the wavelength increases. We attribute this phenomenon to the excitation enhancement. Increasing nanodisc diameter causes a 
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Nano Lett. XXXX, XXX, XXX−XXX redshift in the plasmonic resonance, which in turn reduces the excitation field to plasmon coupling. As a result, the overall optical excitation of the MoS 2 film decreases. To elucidate on the emission enhancement as a function of diameter, we have plotted emission counts at specific wavelengths for structures with different diameters in Figure  3 , panel b by rearranging the PL data plotted in Figure 2 , panel d. Here, PL intensity at each wavelength is plotted as a function of diameter. Missing diameter points are interpolated using a spline algorithm, and each curve is normalized within itself. The dashed line depicts the correlation between the maximum PL emission and the diameter. According to these curves, there is a linear relation between the nanodisc diameter, d, and the wavelength at which the maximum PL emission occurs. That is, for a given wavelength, maximum PL emission takes place over a certain nanodisc diameter. For instance, at 725 nm, maximum PL emission is radiated over 160 nm diameter nanodisc array. This does not mean the maximum PL emission of the entire PL spectrum to be at 725 nm. In fact, the peak emission is still at 680 nm (Figure 2d) . However, at 725 nm, maximum emission originates when d = 160 nm. It is well-known that scattering cross-section increases with metallic nanoparticle size, specifically with the diameter in our case. Clearly, increased scattering cross-section of the Ag nanodiscs causes efficient free-space coupling of the PL emission. While these results show evidence for successful emission enhancement, they do not exclude contribution from excitation enhancement.
We have also studied the reflection spectra of Ag nanodisc arrays fabricated directly onto SiO 2 /Si substrates. Figure 4 , panel a illustrates the methodology that was used for estimating PL enhancement from FDTD calculations. We have calculated the localized E-field intensity upon plane wave excitation in a 1 nm thick volume under the nanodisc. The integrated E-Field intensity as a function of wavelength in this volume is compared to that of a base structure with no nanodisc as shown in Figure 4 , panel a. We used the refractive index of SiO 2 for the volume of interest as per the lack of index data of monolayer MoS 2 . Assuming equal contribution of E-field intensity enhancement at both excitation and emission wavelengths (543.5 and 680 nm, respectively), the total field enhancement factor, γ T , can be calculated as follows: where I x is the integrated E-field intensity calculated over the volume of interest, and subscripts "1" and "0" correspond to conditions with and without nanodiscs, respectively. The thickness of SiO 2 layer is 90 nm, which is the same thickness used in experiments.
We have calculated the enhancement factor as a function of nanodisc diameter and height for a lattice constant (periodicity) of 400 nm. The LSPR resonance of periodic plasmonic nanoparticles is well studied, and it has been shown that the effect of periodicity is rather minor compared to the characteristic size parameters of the nanoparticles provided that interparticle distance is larger than surface plasmon decay length. Therefore, the periodicity of the nanodisc arrays was kept constant in this study. Figure 4 , panel c shows the calculated enhancement factor as a function of diameter and height. The maximum enhancement is estimated to be about 13-fold and is a strong function of the diameter. On the other hand, the effect of height is somewhat inferior against the diameter. This is expected as the sample is illuminated normally, only modes along the surface can be excited, which does not depend on material thickness in normal direction provided that it is larger than the skin depth. However, as the height increases, there is an overall enhancement decrease that is attributed to the reduced amount of field penetration into the volume of interest. We have also compared the calculated and the measured reflectivity of similar structures fabricated on Si/ SiO 2 substrates without MoS 2 as a function of wavelength. Figure 4 , panel b exhibits one such comparison of a structure with d = 130 nm. There is a good agreement between the measurement and FDTD simulation. Intensity mismatch toward the red end of the spectrum can be explained by two factors. The first one is imperfections that arouse during the fabrication process. The second one is related with the measurement set-up. The fact that we are using a high numerical aperture objective limits the amount of light collected. The reduced reflection around excitation wavelength (543.5 nm) and increased reflection around emission wavelength (680 nm) are proof that both emission and excitation enhancement play a role in PL enhancement. Figure 4 , panel d plots the estimated PL enhancement against the measured enhancement for a nanodisc array of height 50 nm as a function of diameter. The good agreement further proofs the role of both absorption and scattering of the nanodiscs on PL enhancement.
Understanding the electromagnetic interaction between newly emerging low-dimensional materials with plasmonic structures is crucial for future optoelectronic devices. To investigate this phenomenon, plasmonic nanostructure arrays in close proximity to MoS 2 monolayers were fabricated. With engineered structural parameters, 12-times enhanced PL emission has been observed experimentally. By using systematic analysis, we have proven that PL enhancement reported in this study is both due to the excitation field enhancement at the pump wavelength and efficient scattering at PL emission wavelengths. Efficient light coupling to these low-dimensional materials at nanoscale can break new ground in highly efficient optoelectronic devices such as photodetectors and emitters. ■ ABBREVIATIONS LSPR, localized surface plasmon resonance; 2D, two-dimensional; CVD, chemical vapor deposition; E-field, electric field; sTMDs, semiconducting transition metal dichalcogenides; PL, photoluminescence; c-AFM, contact mode atomic force microscope; SEM, scanning electron microscopy; FDTD, finite difference time domain
